We were able to fill 1 -10 nm-scale silica pores with water by vapor condensation, and examined the freezing phenomena, structures, and molecular motions of the confined water in the temperature range from 293 to 188 K by 1 H-NMR spectroscopy. The results showed that almost all water molecules confined in 10 nm-scale pores were frozen and that approximately half of the water confined in 1 nm-scale pores existed in the liquid state even below the freezing point. The water adsorbed on the pore surfaces was estimated as a monolayer in 2.58 nm pores and bi-and tri-layers in 6.48 nm and larger pores, respectively. Furthermore, it was clarified from the proton relaxation rate ( 1 H-1/T1) measurements that the molecular motions of adsorbed water itself were restricted by nanoconfinement and were extremely dependent on the conditions of proton exchange and hydrogen bond rearrangements of the adsorbed water.
Introduction
Development of innovative nanodevices using nanopores, nanotubes, and nanochannels has attracted much attention for a variety of applications in analytical chemistry, biochemistry, pharmacy, and the environment. [1] [2] [3] [4] Effective detection, transport, and separation of target molecules or ions have been achieved by handling liquids and fluids in such nano-confinement spaces. In order to enhance the performance of nanodevices, the structures and dynamics of liquids confined in nanospaces must be clearly understood, as nano-confinement can lead to changes in liquid properties, and strongly affects the behavior of target molecules and ions. [5] [6] [7] [8] Over the past decades, the effects of confinement in mesoporous silica materials with 1 nm-scale spaces on microscopic properties of water molecules have been examined using experimental and theoretical methods. [9] [10] [11] [12] [13] [14] [15] These studies have clarified that the hydrogen bonding structures of water molecules near the pore surface are distorted and perturbed due to water-surface interactions or topological effects even at ambient temperatures. Moreover, since water confined in 1 nmscale spaces adopts a supercooled state below the freezing point of bulk water, microscopic properties and liquid/solid phase transition of confined water have been investigated in a considerably low temperature region. Neutron scattering, X-ray diffraction, optical Kerr effect, nuclear magnetic resonance (NMR), and differential scanning calorimetry (DSC) measurements have shown that the freezing point of water confined in about 3 nm pores is about 230 -240 K, which then approaches the homogeneous nucleation temperature of bulk water, and shifts to a higher temperature with increasing sizes. [16] [17] [18] [19] [20] Recent spectroscopic studies have reported that water molecules confined in pores smaller than 2 nm do not freeze even around 200 K and the transition from high-density to lowdensity hydrogen bonding structures occurs. [21] [22] [23] [24] [25] The slowing down of both rotational and/or translational motions of confined water molecules has been also verified to be promoted with decreasing pore sizes and temperatures. [26] [27] [28] [29] These results have suggested that the specific hydrogen bonding network of water layer on surfaces differing from bulk water, i.e., the adsorbed water phase, is responsible for causing the freezing behavior of confined water in the supercooled state.
The existence of long-range electrostatic interactions between water and surface has been reported by some groups including ourselves. The properties of water confined in 100 nm-scale channel spaces, which can be fabricated in a well-defined way on a glass substrate by means of top-down fabrication techniques, have been examined. Such confined water was found to show unique properties differing from bulk water, e.g., higher viscosity, lower dielectric constant, enhancement of liquid conductivity, slower translational molecular motion, and higher protonic mobility compared with bulk water. [30] [31] [32] [33] [34] [35] These results have suggested that local adsorbed water layers on surfaces and their electrostatic forces affect the collective behavior of bulklike hydration water in the nanochannel spaces.
In spite of these research efforts, limited information is available about whether the thickness and microscopic behavior of adsorbed water layers are uniquely determined, regardless of space size and temperature, and about how adsorbed water affects the collective behavior of bulk-like hydration water located to the center of nanospaces. Considering the results obtained for 1 nm-scale pores and 100 nm-scale channels, knowledge of the properties of water in 10 nm-scale spaces is highly desirable to more fully understand its structures and dynamics. The 10 nm-scale space represents a transitional area where the dominant hydrogen bonding network changes from bulk-like hydration water associated by long-range interactions to local water-surface interactions.
Therefore, in the present study, we examine size and temperature effects on the structures and motions of water confined in silica pores in the 1 to 10 nm-scale range using solution-based NMR spectroscopy, which is a useful tool for the evaluation of molecular behavior of confined water in liquid phases. Water is completely filled in 2.58, 6.48, 14.4, and 30.0 nm pores of porous silica using a water vapor condensation system, and the confined water is examined by its 1 H-NMR spectrum and spin-lattice relaxation rate ( 1 H-1/T1) measurements over a temperature range of 293 to 188 K. Based on these results, we characterize the similarities and differences of microscopic behavior between bulk-like hydration water and adsorbed water in nanoconfining geometries.
Experimental
Porous silica prepared by the sol-gel method was provided by Fuji Silysia Chemical Ltd. Four silica materials with different average pore diameters (d), d = 2.58 nm (Q-3), 6.48 nm (Q-6), 14.4 nm (Q-15), and 30.0 nm (Q-30), were used as samples. The pore size distributions of Q-3 and Q-6 were analyzed by the Barrett-Joyner-Halenda (BJH) method using liquid nitrogen, 36 and those of Q-15 and Q-30 were analyzed by the mercury porosimetry method. The results of for each pore are shown in Fig. S1 (a) (Supporting Information). The d values and other basic properties for the samples are listed in Table 1 . The samples were washed with hydrogen peroxide (30 wt%) at 363 K to purify them, followed by washing with distilled water to remove the hydrogen peroxide. 37 The washing was repeated several times until no impurities were observed to be dissolved in the washing solutions using inductively coupled plasma atomic emission (ICP-AES) spectroscopy. Then, the samples were kept for 2 h at 473 K for drying. Afterwards, the resulting dry samples were inserted into glass tubes of 18 mm inner diameter and placed under vacuum at 393 K for 12 h, and then they were exposed to water vapor with 100% humidity. The water vapor condensation system basically consists of the vapor production part, the section in which the vapor is introduced into the samples, and the humidity determination part (Fig. S1(b) , Supporting Information). 38 In this system, the humidity can be controlled by adjusting the flow rate of dry and wet argon gases, and the samples are exposed to the controlled humidity water vapor. The weight of samples before and after exposure to water vapor was measured by a microbalance technique, and the weight of condensed water (the density of water is taken as 1.0 g/cm 3 ) could be estimated from the weight changes. When the pore volume of the dry sample was almost consistent with the estimated weight of condensed water at 100% humidity, the pores were considered to be fully filled with water. The system enables us to fill water in the pores of Q-3, Q-6, Q-15, and Q-30 by the operation for about 10, 30, 50, and 180 h, respectively. The results are listed in Table 2 . H-NMR chemical shifts, respectively. These solvents were also used for the determination of peak area ratios. Since the deuteration percentages of acetonitrile-d3 (99.8%) and acetone-d6 (99.9%) were not quite 100%, the 1 H-NMR signals for the residual protons in the deuterated solvents, CH3CN and (CH3)2CO, were observed. The number of residual protons for each deuterated solvent in the outer tube did not change, regardless of temperature. Therefore, the 1 H-NMR peak area of the water-filled sample was compared against that of the deuterated solvents or TMS, and the relative peak area ratio was determined as the area fraction. The measurements of the 1 H-NMR spectra were performed in the range of 293 to 188 K every 5 K. The 1 H-1/T1 values of water were measured by the inversion recovery method in the range of 293 to 223 K every 10 K with 400 and 23 MHz NMR.
Results and Discussion
1 H-NMR spectra of the samples were measured at various temperatures and those of water confined in the pores of Q-30 are shown in Fig. 1 as a typical result. As can be seen from this figure, a broad peak was observed at around 5 ppm, which was close to the chemical shift of bulk water (4.8 ppm). However, the peak width at half-height of the confined water was about 490 Hz, a value which is quite a lot larger than that for bulk water (8 Hz), even at ambient temperature.
Such peak broadening is often due to the reduction of the relaxation time accompanying the restriction of the molecular motions of water. The peak intensities of the confined water decreased with decreasing temperature. However, a small peak was observed even at 238 K, which is a lot lower than the freezing point of bulk water. Similar phenomena were observed in the 1 H-NMR spectra of Q-3, Q-6, and Q-15 samples (Fig. S2, Supporting  Information) . When the chemical shifts of water for all samples at 293 K were taken as unity, the temperature dependence of the Fig. 2 . With decreasing temperature, the peak positions of the confined water were gradually shifted to lower magnetic fields. At around 253 K, the chemical shifts for Q-6, Q-15, and Q-30 samples were drastically changed, while those for the Q-3 sample did not exhibit such drastic changes. These facts indicate that the hydrogen-bond structures and molecular motions of water in the pores have different dependences on the pore sizes. In addition, water molecules which freeze at the normal freezing temperature and those that do not freeze even at the lowest temperatures accessed here co-existed inside the nanometer-sized pores. In order to determine the amount of water existing as liquid inside the different pores of the Q-3, Q-6, Q-15, and Q-30 samples, the 1 H-NMR peak area ratio of the confined water to that of a reference solvent such as TMS, acetonitrile-d3, or acetone-d6 was measured at various temperatures. The resulting peak area ratio at 293 K for every sample was normalized to unity, and the temperature dependence of the fractions of peak areas was obtained as shown in Fig. 3 . The area fractions of Q-15 and Q-30 were found to decrease drastically at around 253 K. This suggests that almost all water molecules confined in them were frozen at that temperature. However, the NMR signals are still observed even in the lower temperature regions below 240 K. This result means that a part of the confined water can exist as liquid below the freezing point. A similar decrease in area fractions was observed for the Q-6 sample. The drastic decrease of area fractions took place starting at 248 K, and the area fraction approached a constant value of about 0.4 at around 233 K. This constant value indicates that the freezing process of water in the pores of Q-6 was complete at 233 K with approximately 40% liquid water remaining in the pores. In the case of Q-3, the area fractions began to decrease drastically at the vicinity of 240 K, and reached almost the same value below 200 K. The area fraction at 200 K was about 0.5, that is, about 50% of the confined water in Q-3 remains without freezing. Our finding that the freezing point of the confined water shifted to lower temperatures with a decrease in pore size is consistent with that determined by previous measurements. [16] [17] [18] [19] [20] [21] [22] In addition, previous studies including ours have shown that the confined water molecules are composed of at least two phases, such as a bulk-like water phase having hydration structure and an adsorbed water phase near the surfaces at an ambient temperature, and two-state or core/shell models have been applied. 14, 15, 30, 31 These results suggest that a bulk-like hydration water phase and an adsorbed water phase are ascribed to water that freezes and does not freeze below freezing point in both 1 nm-and 10 nm-scale environments, respectively.
Therefore, the layer thickness of the adsorbed water phase could be calculated from the weight of condensed water and the measured area fractions below the freezing point. The results are listed in Table 3 . The calculated thickness of the adsorbed phase in Q-3 was 0.38 nm, which is comparable to the value reported in previous 1 nm-scale pore studies. 18, 39 On the other hand, the thickness of the adsorbed phases in Q-6, Q-15, and Q-30 was determined as approximately 0.7 nm, corresponding to roughly the distance between bilayer and/or tri-layer water molecules. The difference between 0.38 and 0.7 nm could be explained by the shift of the dominant phase of water layers in pores from the bulk-like hydration water phase to the adsorbed water phase. Since water immobilized directly to the ionizable silanol group (SiO -) on surfaces can mainly exist in the narrow pores of Q-3 due to its large specific surface area, the exchange of molecules between the immobilized water and other water in the bulk-like hydration water phase is unlikely to occur. Thus, a water monolayer on Q-3 surfaces is likely to continue as the adsorbed water phase even as the temperature is lowered. However, in the case of the larger pores present in Q-6, Q-15, and Q-30, it is likely that water bound to the surfaces is involved in hydrogen bond rearrangements and water exchange with the bulk-like hydration water phase, resulting in an increase of the layer thickness of the adsorbed water phase. It is assumed that the adsorbed water phase consists of a water monolayer without water exchange and bi-or tri-layers with water exchange. Namely, the motions of water molecules in the adsorbed water and bulk-like hydration water phases would have a different dependence on pore size.
In order to confirm the validity of such assumption, the molecular motions of water in pores were examined by 1 H-1/T1 measurements. 
where ω is the proton resonance frequency, and K determines the intramolecular and intermolecular DD coupling constant containing the proton gyromagnetic ratio, the number of spins per unit volume, the Plank's constant, the distance of closest approach, and so on. 
This relationship suggests that the 1 H-1/T1 values of water in nanospaces contain frequency-dependent and -independent components, and the effects of frequency on the 1 H-1/T1 values become large with increasing adsorbed water. Therefore, we measured the For Q-3, the increase in the 1 H-1/T1 values continued up to 233 K, because of the lower freezing point. The temperature range is quite close to the freezing temperature of bulk-like hydration water in each nanopore estimated from the 1 H-NMR spectra. From these results, it was considered that the adsorbed water phase became dominant below the freezing point, and the effect of the first term 1/τs of Eq. (2) being inversely proportional to temperature could be observed.
As mentioned above, changes of 1 H-1/T1 values are strongly attributed to the ratio of faster motions and slower motions of the confined water. Therefore, the apparent activation energy (ΔE*) taken from the Arrhenius-type plots of 1 H-1/T1 values can be used as a measure for evaluating a potential energy for the motions of water accompanying with rearrangements of hydrogen bonds. The Arrhenius-type relation is expressed as follows: 8, 31 1 1
where R is the gas constant, 1/T1′ is the relaxation rate at infinite temperature. The (ΔE* values of water in the pores were estimated from the plots of Ln(1/T1) against the reciprocal temperature in the range of 293 to 263 K (Fig. S4, Supporting Information). The pore size dependence of the ΔE* values is shown in Fig. 5 . The ΔE* values for Q-15 and Q-30 were almost comparable with that of bulk water which is coordinated to four neighboring molecules through two donor-acceptor bonds (~18 kJ/mol). 31, 46 In contrast, Q-3 and Q-6 gave quite small ΔE* values below 10 kJ/mol compared with bulk water. These facts indicate that the hydrogen-bonding network of water in 1 nm-scale pores such as those in Q-3 and Q-6 could be easily rearranged compared to water in 10 nm-scale pores. It is noteworthy that the obtained ΔE* values for Q-3 (~6 and ~8 kJ/ mol at 400 and 23 MHz NMR, respectively) are close to the average hydrogen bonding energy in the water dimer. 46, 47 On the other hand, the 1 H-NMR chemical shifts in Fig. 2 showed that the water confined in Q-3 pores retained liquid-like coordinated hydrogen bonding networks. Taking into account the ΔE* values, the chemical shift data, and the thickness of adsorbed water phases (Table 3) in Q-3, the hydrogen bonding network of water molecules over the entire region in 2.56 nm pores is then thought to be loosely coupled via the formation of a water monolayer bonded with SiO -groups of the surface. Namely, since the monolayer acts as an adsorbed phase, the loose bonding of water in Q-3 makes it possible to rearrange the hydrogen bonding network at a lower energy cost compared with other pore cases. When the adsorbed phase is the bi-and tri-layers present in Q-6, Q-15, and Q-30, the energy for rearrangement of hydrogen bonding of the confined water approaches that of bulk water due to water exchange.
We attempted to extract the component of adsorbed water phase from the 1 H-1/T1 values for each sample, and compare their size dependencies. The 1 H-1/T1 values obtained above the freezing point are determined as the weighted-average relaxation rates of water in the adsorbed water phase (1/T1,a) and bulk-like hydration water phase (1/T1,h), because these two phases co-exist in the pores. Consequently, the averaged 1 H-1/T1 values, (1/T1)ave, can be expressed by the following relationship based on a simple two-phase model. 48 ,49
Here, Vt, Va, and Vh denote the total volume of water confined in the pores, the volume of adsorbed water, and the volume of water in the bulk-like hydration water phase, respectively. These values are given by volume of condensed water in the pores and the area fractions of the 1 H signals. Our previous studies have showed that the 1/T1 values of water confined in 10 -100 nm-scale nanochannels fabricated on a quartz substrate take the intermediate value between bulk water and surfaceadsorbing water in 1 nm-scale pores. 30, 31 Accordingly, the 1/T1,h value associated with bulk-like hydration water in nanospaces is expected to be higher than that of bulk water (1/T1,b). In addition, since the molecular motions of adsorbed water on a surface are slower than those of bulk-like hydration water, the 1/T1,a value should be larger than 1/T1,h. From this viewpoint, when the 1/T1,h value takes the 1/T1,b value, a maximum 1/T1,a value should be obtained. On the other hand, on the assumption that the 1/T1,h value is equal to 1/T1,a one, then 1/T1,a will take a minimum value. Thus, by using the 1 H-1/T1 values obtained at 293 K and Eq. (4), the 1/T1,a values for each pore were estimated. The size dependence of the estimated 1/T1,a values are shown in Fig. 6 . As expected, the solid and open circles corresponding to the maximum and minimum 1/T1,a values corresponding to the conditions of 1/T1,h = 1/T1,b and 1/T1,h = 1/T1,a, respectively. We found that the maximum and minimum values of 1/T1,a increased drastically in 1 nm-scale pores (Q-3 and Q-6), and were constant in 10 nm-scale pores (Q-15 and Q-30). It is noteworthy that the boundary area between the solid and open circles became narrower with decreasing pore sizes, and that the upper and lower limits of 1/T1,a values almost disappeared for 3 nm pores. As mentioned before, since the adsorbed phase in the pores of Q-3 is composed of water monolayers, which could not exchange with bulk-like hydration water phase, the 1/T1,a values corresponding to the adsorbed water in 3 nm pores could be essentially represented by one value. When the pores extended beyond 10 nm in size, the molecular motions of water bound on surfaces were influenced by proton exchange and hydrogen bond rearrangements of water in the bulk-like hydration water phase. The 6 nm pores (Q-6) seem to correspond to the transitional space where water switches from non-exchangeable to exchangeable. Based on these results, we can conclude that the molecular motions and thickness of adsorbed water changes depending on the existence of exchangeable water inside the pores, even with the same amount of water adsorbed onto the surfaces of the pores.
Conclusions
The dependence of the 1 H-NMR peak areas on size and temperature showed that water layers distinguished by their freezing points existed in the pores, which were attributable to a bulk-like hydration water phase and an adsorbed water phase, respectively. We found that the fractions of water existing as liquid below the freezing point were about 40 -50% for 1 nmscale pores and about 10% for 10 nm-scale pores, respectively. The layer thickness of the adsorbed water in 2.58 nm pores was estimated as one monolayer, while that for 6.48 -30 nm pores was assigned as bi-and tri-layers. Moreover, the measurements of the 1 H-1/T1 values verified that motions of water molecules were restricted by nanoconfinement in pores, and that the molecular motions of adsorbed water consisting of bi-or trilayers in 10 nm-scale pores had upper and lower limits depending on the water motions in the bulk-like hydration water phase. When the pores were 1 nm-scale, the molecular motions of the water monolayer adsorbed on surfaces were found to be almost uniquely determined. Such differences between 1 nmand 10 nm-scale pores is thought to depend on whether proton exchange and hydrogen-bond rearrangement of the confined water could occur between adsorbed water and bulk-like hydration water phases or not. We expect that these insights will provide key information for understanding nanoconfinementinduced properties of liquids and improving nano-device engineering.
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